Abstract-Fuel cells have the potential to solve several major challenges in the global energy economy: dependence on petroleum imports, degradation of air quality, and greenhouse gas emissions. Using catalyst-based reformer technology, hydrogen for fuel cells can be derived from infrastructure fuels such as gasoline, diesel, and natural gas. Platinum is one catalyst that is known to be very effective in hydrogen reformers. Reformer size can be reduced when there is more efficient catalyst loading onto the substrate. In this experimental work, platinum was loaded onto -alumina coated substrates by plasma-polymerization followed by heat treatment. Vapor from a platinum-containing organic precursor was converted to plasma and deposited onto the substrate. The plasma-polymerized film was then calcined to drive off organic material, leaving behind a catalyst-loaded substrate. The plasma-polymerized organic film and the final heat-treated catalyst-loaded substrate surface were characterized by scanning electron microscopy (SEM) and impedance spectroscopy. Energy dispersive spectroscopy (EDS) was used to detect the presence of the catalyst on the substrate. Index Terms-Catalyst loading, fuel reformer, plasma-enhanced metal-organic chemical vapor deposition (PEMOCVD), plasmapolymerized film, platinum.
Plasma-Enhanced Metal-Organic Chemical Vapor Deposition (PEMOCVD) of Catalytic Coatings for
Fuel Cell Reformers
I. INTRODUCTION
I N SOME hydrogen-based energy systems now under development [1] , [2] , fuel cells utilize hydrogen and oxygen to produce electricity, while hydrogen reformers [3] produce hydrogen from infrastructure fuels such as gasoline, diesel, and natural gas. In typical hydrogen reformers, catalyst is dispersed throughout a porous support where it is exposed to the reactants. Autothermal reforming (ATR) of natural gas and other hydrocarbon fuels to hydrogen, carbon monoxide, and carbon dioxide is commonly carried out on an industrial scale at about 1000 C. Fig. 1 shows the major fuel processing steps for a hydrogen reformer that might be used with a fuel cell [4] , [5] . Several researchers have done extensive experiments, which show that both nonnoble metals (like nickel, copper, iron, cobalt) and noble metals (palladium, platinum) bonded to alumina or zirconia supports form good catalysts for fuel cell reformers. The platinum containing catalysts are quite resistant to sulfur, a contaminant present in fossil fuels [6] , [7] . If the fuel used in the reformer is an alkane , the chemical reactions include
A reformer based on microchannel technology [8] requires a catalyst dispersed throughout a porous support, while the support must adhere to the substrate (the walls of the microchannels). Catalyst-loaded microchannel reactor applications have been described in the literature [9] - [11] . Microchannel reactors have significant advantages over packed bed reactors, including faster heat and mass transfer which allow for process miniaturization without loss of throughput [8] , [12] . The three most important components in a supported catalyst are: 1) substrate, 2) support, and 3) catalyst metal. The substrate hosts the support while the support hosts the catalyst attached to it. The supported catalyst can take the form of individual catalyst atoms or catalyst aggregates with a variety of shapes and sizes. It is known that for some applications an ensemble of catalyst atoms is most effective at promoting chemical reactions [13] . In those cases, small agglomerates of catalyst metal are more effective than atomically dispersed catalyst. Some researchers have reported [13] , [14] that an optimal agglomerate physical size might be in the range 1-2 nm (ensemble size about 15 to 120 atoms, assuming spherical agglomerates.) Aggregates smaller than this do not fulfill the ensemble requirement while aggregates larger than this have a significant number of inaccessible interior catalyst atoms.
Mishra and Rao [15] have described the synthesis of alumina and zirconia ceramic supports from polymer-based composites. In that work, ceramic-loaded polymer tape was exposed to heat treatment for the purpose of pyrolyzing the polymer, thus yielding the desired ceramic support. They reported that most organic material was pyrolyzed at temperatures less than 0093-3813/$20.00 © 2005 IEEE 500 C. Additional heat treatment of the resulting ceramic support took place at sintering temperatures as high as 1400 C. Plasma processing techniques have been applied to fabrication of supported catalysts [16] . Applications include fabrication of ultra fine metallic catalyst agglomerates and direct loading of metal catalyst onto the support. Liu et al. [16] claim that advantages of plasma processing applied to catalyst preparation include reduced number of processing steps and a concomitant reduction in toxic effluent.
Metal-organic chemical vapor deposition (MOCVD) is a well established, versatile, and widely used method for producing metal thin films. Adding steady state RF plasma to this process yields advantages in uniformity and repeatability. This work presents the fabrication of catalyst-loaded slabs as used in wall reactors by deposition of platinum on -alumina support using plasma-enhanced metal-organic chemical vapor deposition (PEMOCVD) as the initial processing step. The main focus of our work was to demonstrate that PEMOCVD could be used to load a surface with platinum. Optimization of the loaded catalyst remains for future work.
II. EXPERIMENTAL

A. Plasma Process
Plasma-enhanced chemical vapor deposition (PECVD) is a method of depositing thin films from source gases or vapors that can be either fed into or generated within the reactor. Coupling of a radio frequency (RF) electric field (typically 13.56 MHz) into the plasma reactor results in dissociation of the source precursor molecules. Free electrons present in the chamber are accelerated by the applied RF electric field and collide with precursor molecules. Impact ionization by these free electrons yield avalanches that continue until steady-state plasma is established. In this way, the precursor molecules are excited to higher energy states, primarily by inelastic collisions with the energetic electrons, and dissociate into a variety of radicals, ions, atoms, and more electrons [17] .
Radicals and atoms, generated in the plasma, travel to the surface of the growing film. On arrival, they are adsorbed onto the surface where some then diffuse on the growing film surface and make chemical bonds at favorable sites to form an amorphous film. Others are desorbed depending on their respective sticking coefficients. Fig. 2 shows a schematic of the plasma reactor with sublimator (not to scale). The plasma reactor consisted of a 10-cm inside diameter Pyrex tube evacuated to a base pressure of torr and surrounded by a 4-turn 13.56-MHz RF coil. Applying RF fields to platinum acetylacetonate, represented in this paper as Pt(acac) , precursor vapor emanating from the heated sublimator, generated an inductively coupled plasma plume. Plasma processing took place directly in the precursor vapor plume without added carrier gas. The axis of the RF coil was aligned with the axis of the vapor plume emanating from the heated sublimator crucible. The sublimator was positioned on the floor of the reactor such that the axis of the vapor plume passed through the axis of the Pyrex tube. The cylindrical crucible had outside diameter and height equal to 1.2 and 0.7 cm, respectively. Distance from the top of the crucible to the substrate was 4.5 cm. The RF coil contained two upper windings and two lower windings. Each winding of the RF coil was made with the insulation-shrouded center copper conductor from RG-8 coaxial cable. Each winding had a rectangular shape with side lengths 16 and 21 cm. The 16-cm sides were parallel to the axis of the Pyrex tube. Distance between the two upper and the two lower windings was 15 cm with the upper winding 7.5 cm above and the lower winding 7.5 cm below the center line of the Pyrex tube. The upper and lower RF coil windings were connected in series with orientations such that their on-axis magnetic fields were parallel and reinforcing.
B. Plasma Reactor
Using dimensions given above and calculation techniques described by Haus and Melcher [18] , the relationship between RF current, , and the no-plasma magnetic flux density at the intersection of the RF coil axis and the Pyrex tube axis is given by (1) where and represent units of Tesla and amperes, respectively, and the magnetic field at this location is aligned with the axis of the RF coil. The no-plasma current in this work was 1 A (peak) giving a no-plasma magnetic flux density at the center of the processing volume of 12.7 T (peak). RF current was measured with a Model 2877 current monitor manufactured by Pearson Electronics, Inc. [19] and a Model 9350AL digital oscilloscope manufactured by LeCroy [20] . The no-plasma voltage at the RF coil was 410 V (peak). Power absorbed during plasma processing was 300 W.
C. Sublimator Characteristics
In the temperature range 160-170 C, the precursor molecule Pt(acac) is known to undergo sublimation without thermal fragmentation of its molecules [21] . Fig. 3 shows the structure and chemical composition of the precursor molecule. The Pt(acac) was used as received from the supplier [22] . In this work, we used a sublimator, as shown in Fig. 2 , to provide Pt(acac) vapor in which to conduct plasma-assisted materials processing. The presublimation air pressure in the plasma reactor was about torr, as provided by an oil diffusion pump. Fig. 4 shows steady-state sublimator crucible temperature (as measured by a thermocouple at the floor of the crucible) versus dc current through the sublimator heater. Heater current used during plasma-polymerization runs were in the range 1.25-1.75 A, yielding temperatures at the floor of the sublimator in the range 120 C-180 C. Fig. 5 shows that the thermal time constant for the sublimator was about 6.4 min. Deposited organic film thickness profiles suggest the presence of a plume of Pt(acac) vapor emerging from the crucible with the vapor flux highly peaked on the axis of the crucible.
D. Preparation of Catalyst Support
The method used for wash coating the -alumina catalyst support onto the aluminum substrates consists of the following three stages: 1) substrate pretreatment, 2) primer coating, and 3) gamma alumina coating.
1) Substrate Pretreatment: Aluminum slabs of 99.9% purity with dimensions 9 101 1 mm were cleaned with acetone and deionized water. The aluminum slabs were exposed to a fine grain silica sandblaster (30/40 mesh) for improving superficial roughness. After another cycle of cleaning with acetone and deionized water, the slabs were then put into a furnace for high-temperature oxidation (600 C for 17 h), which enabled the growth of a thin layer of alumina [23] , [24] .
2) Primer Coating: The use of primers to improve the adherence of the wash-coated support layer is described in the literature [25] . In our case, since we wanted alumina to be the only material deposited onto the substrates, we adopted a boehmite primer prepared by dispersing 10% (w/w) of aluminum hydroxide powder in aqueous nitric acid solution of pH 1.7. After continuous stirring for 4-h the pH of the suspension increased from 2.99 to 4.02, and a stable dispersion was obtained. The solution was further stirred for 15 h, and the pH increased to 4.6. During primer deposition, the oxidized aluminum substrates were dipped into the solution and then dried at room temperature. The slabs were then put into a furnace at 600 C for one hour, which resulted in good adhesion of the primer to the aluminum slab.
3) -Alumina Coating: A commercial -Al O submicrometer powder was dispersed in HNO aqueous solution with the following proportions: acid concentration, g/l, and 299.7 g of Al O per liter of the acid solution. The solution was stirred vigorously for about 36 h, during which the pH changed from 1.00 to 1.74. The primer-coated slabs were immersed in the gamma alumina dispersion for 15 min and then dried at room temperature. They were then heated in the furnace at 280 C for 10-15 min.
E. Plasma Deposition
A crucible filled with Pt(acac) powder along with the sublimator heater assembly was centered below the alumina-coated aluminum slabs that were attached to a Plexiglas cowling. The aluminum slabs and sublimator were then positioned within the reactor tube and centered on the axis of the RF coil. With ambient vacuum conditions ( torr) inside the reactor tube, the sublimator heater was energized. The RF coil produced plasma inside the reactor, without the addition of background gas, and the alumina-coated substrates were processed in plasma generated from the Pt(acac) precursor vapors. The plasma spontaneously extinguished after the precursor powder in the crucible was entirely consumed. This resulted in deposition of organic film on the substrates as shown in Fig. 6 . Fig. 6(a) shows the scanning electron microscope (SEM) image of the texture of the organic film deposited on a cover slip at 7000X magnification. Fig. 6(b) shows the cross section of the organic film deposited on the cover slip. The film thickness in this case was approximately 25 m. A quantity of 0.2 g of precursor powder required 21 min to completely sublimate at 140 C. Six crucible loadings were required for a 25-m-thick plasma-polymerized Pt(acac) film.
F. Heat Treatment After Plasma Polymerization
After the plasma deposition, organic coated samples were then heat treated in air in a calcination furnace to yield the desired catalyst loading while eliminating carbon and hydrogen. The temperature of the furnace was raised to 500 C at a rate of about 5 C/min and kept there for 4 h. The furnace was then cooled to ambient room temperature at a cooling rate of about 3 C/min.
III. ANALYSIS
A. Profilometry
Profilometry studies were done on organic films plasma-deposited onto microscope cover slips in the plane of the aluminum slab substrates in the plasma reactor. The profilometer, manufactured by SPN Technology Inc., was a contact surface profilometer and can profile only lines (rather than areas). The stylus tip was spherical with a tip radius of 12.5 m. With the edge of a thin ceramic slab, fine trenches were made through the organic film, which was on the microscope cover slip. Care was taken not to scratch through the glass of the cover slip. One of the cover slips was located in the plane of the substrates near the axis of the plasma plume while the other was located in the plane of the substrates about 6 cm from the axis of the plasma plume.
Figs. 7 and 8 show profilometer scans for these two locations where the nominal film thicknesses were 20 and 40 m, respectively. Figs. 7 and 8 demonstrate that the organic film was not uniform along the aluminum slab substrates because the plasma plume was densest on the plume axis.
As shown in the Appendix, the idealized relation between postcalcination areal platinum loading, , and precalcination Pt(acac) organic film thickness, , is given by (2) where and are idealized areal platinum loading and organic film thickness, respectively.
is expressed with units g/cm when carries units of cm. Using (2), the idealized postcalcination loading that would result from these two organic film thicknesses, 20 and 40 m, are 2.336 and 4.672 mg/cm , respectively. Loss of volatile species during plasma-polymerization and loss of platinum during calcination will make the actual areal platinum loading vary from these idealized values. 
B. Surface Morphology
Surface morphology was studied using a SEM. Typical results are shown in Fig. 9 . Microstructures of the alumina support structure are shown in Figs. 9(a) and (b) . Presence of spheres with diameters about 3 m result from the gamma alumina powder suspension adhered to the primer coated slabs. Fig. 9(c) shows a SEM micrograph of the postcalcined platinum loaded aluminum slabs. Applying energy dispersive spectroscopy (EDS) analysis to this postcalcined surface resulted in the X-ray spectrum shown in Fig. 10 . The EDS spectrum clearly shows the presence of platinum. Fig. 11 , shows the impedance spectroscopy cell that was fabricated after plasma-polymerized Pt(acac) was deposited onto the Pt/SiO substrate. Input impedance, , which is the inverse of input admittance, , was measured as a function of frequency. Relative permittivity (dielectric constant) and electrical conductivity for the organic film were then obtained as functions of frequency using the reduction techniques described below. Changes in process parameters can be evaluated by their influence on film relative permittivity and electrical conductivity.
C. Impedance Spectroscopy
Solid circles in Fig. 12 show the measured impedance spectrum for cell geometry described by mm and m. This spectrum was measured using an applied voltage of 50 mV rms with an HP 4192 LF Impedance Analyzer. In Fig. 12 , the minus sign associated with the vertical axis shows that, as functions of time, sinusoidal current was leading the applied sinusoidal voltage (capacitive behavior). The open squares in Fig. 12 are from the equivalent circuit shown in Fig. 13 . The and values 35.8 M and 212 pF, respectively, shown in Fig. 13 were selected to make the model curve pass through the point labeled "600 Hz" in Fig. 12 . Note Fig. 11 . Impedance spectroscopy cell used to measure the dielectric constant and electrical conductivity of the organic film. that at a frequency other than 600 Hz (for example, consider the 1-kHz frequency), the vertical coordinate from the model nearly matched the observed value; however, for the horizontal Fig. 13 . Equivalent circuit that was used to produce the open squares in Fig. 12. (resistive) coordinate, the model consistently predicted values too small when compared to measurements.
Equations describing the model points in Fig. 12 are found by considering the effective series impedance of the parallel and circuit elements in Fig. 13 (3) (4) Fig. 12 shows that the model in Fig. 13 is marginal at predicting the observed impedance spectrum. A natural extension to this equivalent circuit is to allow the resistor and capacitor in the model to be functions of frequency, and , with the values at each frequency given by Fig. 13 , it is seen that the frequency independent nature of is reasonable; however, must be modeled as having a strong dependence on frequency. Assuming that the capacitor in the model can be represented by (7) and using a planar model for the capacitor, we can calculate the relative permittivity of the organic film from the equation (8) This gives where the uncertainty in was derived using well-known techniques [26] , and using the uncertainties cited above for , , and . This value of is consistent with the range 2.5-5.23 given by Yasuda for typical plasma-polymerized materials [27] . The planar resistor model can be used to convert the resistance data in Fig. 14 to conductivity, (9) Conductivity computed from this equation is shown as a function of frequency by the solid circles in Fig. 16 . In this frequency range, conductivity was within the range to S/m, corresponding numerically to the dc conductivities of insulators such as some types of marble and mica, respectively [28] .
In this model, conductivity increases markedly with frequency. This frequency dependence of conductivity is consistent with results reported by others [29] , [30] . They measured the conductivity of plasma-polymerized and conventionally-polymerized films and reported that the frequency dependence of conductivity was consistent with charge transport via hopping (between localized states). They also give a functional dependence (10) where , and are constants while . The straight line in Fig. 16 is a least squares linear fit to the data points (log-log format) with the equation for the straight line given by (11) These values of and are consistent with values found in the literature [29] , [30] . Using (9) and (11), the resistor in Fig.  13 can now be modeled as frequency-dependent (12) The refined model for interpreting the impedance spectrum now consists of substituting (7) and (12) into (3) and (4) . Results are shown in Fig. 17 . Similar to Fig. 12 , the vertical coordinates from the model nearly matches the observed values but an improvement appears because for the horizontal coordinates in Fig. 17 , the model more nearly predicts the observed values. Agreement between model and measurement is still not perfect and another improvement to the hopping model [29] would be to consider , and functions of frequency in (10) . After that modification, closer agreement between model and experiment (if needed) could be obtained by adding additional circuit elements to account for nonhopping phenomena such as interface effects [31] - [33] ; however, the refinements listed here are beyond the scope of the present work.
IV. CONCLUSION
Organic film deposited with PEMOCVD was calcined and yielded platinum adhering to the alumina substrate. Powdered Pt(acac) was found to be a suitable platinum-containing precursor organic molecule with sublimation temperatures in the range 120-180 C. Applied RF fields in a 13.56-MHz inductively coupled plasma reactor elevated the precursor vapor to a plasma state suitable for deposition of the plasma-polymerized organic film. Plasma processing was successful without addition of a carrier gas. The peak calcination temperature of 500 C yielded platinum dispersed on the alumina surface. Energy dispersive spectroscopy (EDS) confirmed the presence of platinum on the processed alumina surface. Impedance spectroscopy applied to the precalcination organic film showed that relative electric permittivity was 2.49, and that conduction in the organic film involved charge carrier migration via a hopping mechanism with conductivity in the range to S/m as frequency varied from 600 Hz to 1 MHz. These electrical properties were consistent with other plasma-polymerized organic films described in the literature.
APPENDIX
An idealized relationship between organic film thickness and catalyst areal loading in mass per unit area can be obtained by considering Figs. 18(a) and (b). If we assume that the plasmapolymerized organic film consists of an assembly of precursor molecules (ignoring volatile chemical species removed from the plasma state by the vacuum pump) then the mass of catalyst associated with Fig. 18 (a) can be written as (13) where , and are catalyst mass contained in the organic film in Fig. 18(a) , area, organic film thickness, mass density of the organic film, molecular weight of the catalyst atom, and molecular weight of the catalyst-containing precursor molecule, respectively. An assumption inherent in this model is that the elemental ratios in the organic film are the same as in the precursor. Fig. 18(b) represents the postcalcination state of Fig. 18(a) . In Fig. 18(b) , the organic film has been removed but agglomerates of catalyst metal remain on the surface of the substrate and no platinum is volatilized during calcination. If we assume a mean areal catalyst loading then the mass of catalyst associated with Fig.  18 (b) can be written as (14) where and are catalyst mass contained on the surface of the substrate in Fig. 18(b) and areal catalyst loading, respectively. Assuming that no catalyst atoms are lost during calcination, we can set and obtain an idealized expression for as (15) We now specialize (15) to our work with the Pt(acac) molecule shown in Fig. 3 atomic mass of carbon in amu, number of hydrogen atoms, and atomic mass of hydrogen in amu, respectively. From Poston and Reisman [34] , has a value of 2.336 g/cm for solid phase Pt(acac) . Equation (15) yields the predicted relationship between areal platinum mass loading and thickness of the plasma-polymerized Pt(acac) film as (17) A plot of (17) is shown in Fig. 19 . The range of values (0-100 m) was selected because it corresponds to values ( -mg/cm ) typical in the fuel cell/reformer literature [35] . Values of used in this work are in the range 20-40 m corresponding to ideal catalyst areal loading values of 2.336-4.672 mg/cm , respectively.
